Peculiar property of electronic order is clarified for the two-channel Kondo lattice. With two conduction electrons per site, the order parameter is a composite quantity involving both local and itinerant degrees of freedom. In contrast to the ordinary Kondo lattice, a heavy electron band is absent above the transition temperature, but is rapidly formed below it. The change of entropy associated with the ordering is found to be close to ln √ 2 per site. This entropy corresponds to the residual entropy in a two-channel Kondo impurity, which has been regarded as due to localized free Majorana particles. The present composite order is interpreted as instability of Majorana particles toward non-Kramers conduction electrons plus heavy fermions that involve localized electrons.
Introduction
Non-Kramers systems with even number of f electrons per site as in Pr 3+ and U 4+ are expected to show intriguing phenomena that is different from ordinary Kramers systems with odd number of electrons in Ce-and Yb-based systems. Under the cubic crystalline electric field, the localized f 2 -electron state can have a non-Kramers doublet ground state where f electrons do not have spin degrees of freedom. This doublet interacts through orbital with conduction electrons which have spin and orbital degrees of freedom. Thus the twochannel Kondo system can be realized.
1 Experimentally, several candidates such as U x Th 1−x Ru 2 Si 2 and Pr x La 1−x Ag 2 In have been reported. 2, 3 Recently the two-channel Kondo systems have attracted more attention since the discovery of a series of non-Kramers doublet compounds such as PrIr 2 Zn 20 4, 5 and PrTi 2 Al 20 . 6 In the two-channel Kondo impurity, where the localized spin is located on a metal with degenerate channel degrees of freedom, the scaling theory tells us that the weak and strong coupling limits does not become the fixed point. 1 The system instead chooses the intermediate effective coupling J eff = J * as the fixed point, which is in strong contrast with the ordinary Kondo model. This scaling flow is illustrated in Fig. 1 . The ground state has the peculiar residual entropy S 0 = ln √ 2 corresponding to a part of localized spin. This remaining degrees of freedom is interpreted as the localized Majorana fermions. 7 In the periodically aligned f -electron systems, on the other hand, this partially removed but remaining entropy will lead the system to highly non-trivial phase transitions by inter-site interactions.
The simplest description of the periodic non-Kramers doublets coupled to conduction electrons is given by the twochannel Kondo lattice (KL). 8 One of the characteristics in this model is the channel symmetry breaking, which is absent in the ordinary KL. At one conduction electron per site (quarter filling), the possibility of the channel symmetry breaking with staggered alignment is pointed out.
1, 9 The stabilization of this * E-mail: hoshino@cmpt.phys.tohoku.ac.jp
phase at finite temperatures is demonstrated in infinite dimensions. 10 At two conduction electrons per site (half filling), on the other hand, the dynamical mean-field study has pointed out the channel symmetry breaking using exact diagonalization with finite sized bath. 11 Recently we have demonstrated that the order parameter for the channel-symmetry-broken phase at half filling is the composite quantity involving both localized spin and conduction electrons. 12 In this paper, we investigate the details of this ordered state. By making a comparison with conventional ordered state, we demonstrate that the entropy resolved below the transition temperature is related to S 0 = ln √ 2 at the nontrivial fixed point shown in Fig. 1 . We argue that this entropy also implies the relevance of the Majorana fermions in the two-channel KL.
The two-channel KL reads
where c kασ (c † kασ ) is annihilation (creation) operator of the conduction electron with channel α = 1, 2 and pseudo-spin σ =↑, ↓. The operators S i and s ciα = 1 2 σσ ′ c † iασ σ σσ ′ c iασ ′ are the localized and conduction pseudo-spins at site i, respectively. Here σ is the spin-1/2 Pauli matrix. The Hamiltonian (1) has the SU (2) symmetry in both the pseudo-spin and channel spaces. The two-channel KL is applied to the nonKramers doublet system; we regard pseudo-spins as orbital degrees of freedom, and channels as Kramers doublet originating from time-reversal symmetry for conduction electrons. Hence we write the symmetry as SU (2) O for pseudo-spin and SU (2) T for channels. In the following, we refer to pseudo- For finite-temperature analysis, we have used the dynamical mean-field theory (DMFT) 13 which becomes the exact theory in infinite dimensions. The semi-circular density of states defined by ρ 0 (ε) = (2/π) 1 − (ε/D) 2 is taken for conduction electrons. We assume the nesting property ε k+Q = −ε k with Q being one of the nesting vectors. For numerical method as impurity solver, we employ the continuous-time quantum Monte Carlo method (CTQMC). 14 The algorithm we have used is similar to the one explained in ref. 15 . In the literature, the CTQMC is developed for the model where two localized spins interact with two conduction bands. When these two localized spins are regarded as identical, the model is the same as the two-channel Kondo model. Analytic continuation from imaginary Matsubara frequencies onto real ones is performed by the Padé approximation.
The present paper is organized as follows. We investigate in §2 the properties of the disordered states. The phase diagram of the two-channel KL is shown in §3. Sections §4 and 5 are devoted to discussions about the symmetry broken phases. We discuss possible applications in §6, and summarize the results in §7.
Thermodynamics in Paramagnetic state
Before we consider the symmetry-broken phases, we study basic thermodynamic properties of the paramagnetic state. From the transport analysis by the DMFT, Jarrell et al have shown that the paramagnetic state is an incoherent metal. 8 In this section, we investigate this phase in terms of thermodynamic quantities such as the susceptibility and specific heat.
Susceptibilities
In general, the susceptibility of the operator M is given by
where M(τ ) = e τ H Me −τ H is the Heisenberg picture with imaginary time. As the choice of M, we consider the charge, spin, channel and spin-channel moments of conduction electrons:m
where the number of sites is given by N . We have introduced the local number operator n iασ = c † iασ c iασ . We also consider the localized-spin moment defined bŷ
where S z i is the z component of the localized spin. We note that f electrons have only the spin susceptibility. Figure 2 shows the temperature dependence of the uniform susceptibilities χ with q = 0 for two cases of the number of conduction electrons n c = 2 and 1.5 per site. Each χ is normalized by the respective Curie-like constant C so that χ → 1/T at high temperatures. At n c = 2 shown in Fig. 2(a) , the uniform susceptibilities keep constant values even at low temperatures. In contrast, local susceptibilities displayed in the inset show the logarithmic temperature dependence. On the other hand, at n c = 1.5 in Fig. 2(b) , the uniform susceptibilities also show the ln T behavior. It seems that the particlehole (p-h) symmetry suppresses the anomalous ln T term in the uniform susceptibility. The apparent Fermi-liquid like behavior is also observed in the specific heat as discussed next. 
Specific heat
The specific heat C in the paramagnetic state is shown in Fig. 3 , which is calculated by differentiating the internal energy with respect to temperature. The details of numerical derivation of the internal energy are given in Appendix. At n c = 2, C/T shows a slight peak at T ≃ 0.15 and tends to a constant for T 0.06 within the limit of accuracy. Note that the fixed-point model (Toulouse limit) of the two-channel Kondo impurity shows the same behavior
where γ = π/(6Γ) with Γ corresponding to the resonance width of the Majorana fermion. 7 The value of γ is half of an ordinary fermion system with the same Γ. Away from half filling, on the other hand, the specific heat shows the logarithmic behavior as in the case of uniform susceptibilities shown in Fig. 2(b) .
Let us discuss the entropy that remains in the hypothetical paramagnetic ground state at half filling. By comparing the entropy of an ordered state that has zero entropy at the ground state, we can derive the residual entropy. Relegating the reasoning to §5.2, we quote the final result for the residual entropy
per site. This value is very close to S 0 = ln √ 2 that corresponds to the impurity system.
Phase Diagram and Strong-Coupling Limit
Now we discuss the ordered states. The phase diagram of the two-channel KL for J = 0.8 is shown in Fig. 4(a) , which is derived from the divergence of the susceptibilities. 13 Here we denote the ordering vectors q = 0 and Q by F (ferro) and AF (antiferro), respectively. When we take the other values of J, there are only quantitative changes. As expected from the residual entropy ln √ 2 in the impurity system, the twochannel KL shows ordering in a wide parameter range. Figure  4 (b) shows the order parameters of each phase at T = 0.01, which are defined in eqs. (3)- (7). The magnitudes of moments behave in a manner similar to the transition temperature. The The phase around n c = 2 is the antiferro(AF)-spin order that has been discussed in ref. 16 . We see also the ferro(F)-spin ordered phase with q = 0 in the dilute conduction electron region. These spin orders are found also in the ordinary KL, and are not specific to the two-channel case. On the other hand, we have found the AF-channel order around n c = 1 and F-channel order around n c ∼ 1.6. The channelsymmetry breaking is a characteristic of the two-channel model, and cannot be explained by the RKKY interaction since the Hamiltonian (1) includes only the interaction between spins. Especially the F-channel order will be discussed in greater detail in this paper because of its peculiar and interesting properties.
The AF orders in the phase diagram of Fig. 4 (a) can be qualitatively understood from the atomic limit whose Hamiltonian is given by
where we omit the site index. The number n c of conduction electrons is adjusted by the chemical potential µ. At n c = 2, the ground state is the doubly degenerate states with the total spin 1/2. The degeneracy is lifted by the inter-site interaction to cause the AF-spin order. On the other hand, the ground state at n c = 1 is the singlet state formed between localized and conduction spins. However, conduction spins also have channel degrees of freedom, and the ground state is again doubly degenerate. The degeneracy is lifted by the inter-site interaction to cause the AF-channel order. 1 At n c = 0, we have the free localized spin at each site. With finite but small concentration of conduction electrons, they mediates the interaction between localized spins to form the F-spin ordering as in the ordinary KL.
We comment on the region around n c ∼ 1.5 in Fig. 4 (a), where the disordered state seems to persist down to T = 0. To remove the finite entropy, the system should show some ordering at sufficiently low temperature, but its transition temperature can be tiny. Note that the local spin fluctuation remains as is clear from the logarithmic temperature dependence of the susceptibility in Fig. 2 .
Nature of Composite Order

Growth of order parameters
Interestingly, the picture from the strong coupling limit does not work for the F-channel order. In order to investigate this ordering in detail, we assume that AF orders are strongly suppressed. Such a situation is expected in the realistic system because of e.g. next-nearest-neighbor hopping or geometrical frustration. As shown in Fig. 4(c) , the transition temperature T F chan of the F-channel phase increases with approaching to half filling. The channel moment at T = 0.01 shown in Fig. 4(d) is finite but tiny. At the maximum transition temperature of the F-channel order at n c = 2, the channel moment vanishes. Hence, the channel moment is not a proper order parameter.
We have identified 12 that a composite quantity defined bŷ
for each site i serves as the proper order parameter. In the Fourier space, the order parameter is given by Ψ q=0 wherê
We note that the composite order is not described by the onebody mean fields such as S i and s ci1 − s ci2 . The expression (11) is known as the channel-symmetry-breaking perturbation in the two-channel Kondo impurity. [17] [18] [19] In the present case, this term appears by spontaneous symmetry breaking.
Let us first consider the system at half filling. In addition to Ψ q=0 the kinetic energy and double occupation become dependent on channel below the transition temperature, which is first pointed out in ref. 11 . In order to characterize these quantities, we introduce the normalized order parameter bȳ
where the channel-dependent quantity φ α (α = 1, 2) is chosen as:
For the double occupation (iii), one could choose n iα↑ n iα↓ instead of eq. (14) . However, this expression does not become the order parameter under the channel field as will be discussed in §4.2. Hence we need to subtract 1/2 from the local number operator as in (iii) of eq. (14) for natural definition of order parameter. Figure 6 shows the growth of the order parameterφ as a function of temperature. The composite order parameter (i) is the largest among the order parameters, and the kinetic energy (ii) and double occupation (iii) have the smaller values. Since the coupling between localized and conduction spins is a driving force of the order, the primary order parameter should be Ψ q=0 and the resultant imbalance of channels is seen in kinetic energies and double occupations as a secondary effect. Indeed, as seen in §5.2, the kinetic energy increases by the phase transition, which means that the F-channel order is disadvantageous for conduction electrons. The interaction en- (13) and (14) as a function of temperature. The full moment is unity.
ergy is lowered by the phase transition. When we focus only on the conduction electrons, the quantity (ii) is relevant as the order parameter. It is interpreted as the channel ordering in k space.
The order parameter Ψ q=0 is a composite quantity, and cannot be described by any one-body mean field. Instead the effective mean-field Hamiltonian of the F-channel phase is given by
Here ∆ is the magnitude of the two-body mean field. Thus, even in the mean-field picture, we still have to solve the manybody problem for the F-channel ordering, which is in strong contrast to conventional orders.
Symmetry analysis
Respecting the SU (2) T symmetry in the channel space, the composite order parameter can also be written in the symmetric form as
where we have introduced the spin-channel moment tensor by
which can be regarded as a vector either in spin or channel space. Especially (t i ) zz has the same form as eq. (6). The z component of the vectorΨ i coincides with the operator defined in eq. (11) . It is clear that the order parameter breaks the SU (2) T (time-reversal) symmetry. Since SU (2) O symmetry is not broken, the orbital Kondo effect can be active in the ordered phase, and can make the pseudo-spin (orbital) singlet.
In terms of symmetry, the channel momentm chan , which includesm chan as the z-component is also a vector in the SU (2) T space. HenceΨ andm chan are in general mixed. If the p-h symmetry is present, however, they are decoupled. Let us discuss the situation using the Landau free energy, which describes the F-channel order as where I, B(> 0) and a(> 0) are constants, while A is a linear function of temperature. The transition temperature is given by the condition A = I 2 /4a. We shall show that I = 0 if the p-h symmetry is present. The p-h transformation P, involving the localized states, is defined by
P|iσ
where |iσ is a localized-spin state at site i. Hence Ψ as well as the interaction part given by eq. (1) is invariant under P.
However we obtain the sign reversal for one-body quantities such as the kinetic energy and the channel moment:
The conduction electrons are p-h symmetric at n c = 2, since the chemical potential is at the center of the band. Hence, after operating P, the free energy F remains the same, while m chan changes sign. Then I should be zero in this case. Namely, the channel moment may remain zero in the p-h symmetric case. Away from half filling in the F-channel order, the tiny channel moment arises as seen in Fig. 4(d) .
The condition I = 0 with the p-h symmetry suggests that the spontaneously broken symmetry in the F-channel phase may also involve the p-h symmetry. In order to identify the relevant symmetry of the composite order, we introduce an external field defined by
which breaks the channel symmetry, and hence SU (2) T . Figure 7 shows the calculated order parameter defined in eqs. (13) and (14) for h = 0.2. The channel moment is finite even at high temperatures because of the external field. However, the composite order parameter Ψ becomes finite only below T F chan ≃ 0.019. Hence, the symmetry broken below the transition temperature is not simply SU (2) T . The relevant broken symmetry is actually the product PT where T is the time reversal. Note that T makes
Since the product PT leavesm chan invariant, H ext in eq. (23) does not break the PT symmetry. This symmetry is broken only if Ψ = 0, which is odd under PT . Away from half filling, generally we have I = 0 since there is no p-h symmetry. The symmetry breaking by Ψ is simply SU (2) T . If we apply H ext of eq. (23) away from half filling, we have Ψ = 0 already at higher temperature because of the finite coupling with m chan = 0. Namely the second-order transition changes into a crossover. With weak external field, however, the channel moment in the ordered state is tiny as shown in Fig. 4(d) . Hence, the crossover is rapid and should look almost like a phase transition.
Single-particle spectrum
Now we consider the single-particle spectrum for the Fchannel order, which leads us to the effective one-body Hamiltonian at low energies. We define the spectrum by
where η = +0. The single-particle Green function is defined by
where z is a complex frequency and Σ ασ is a self energy. In the DMFT, the wave-vector dependence enters to the singleparticle Green function only through ε k . Hence we introduce the parameter κ by the relation ε k = −D cos κ, and plot the spectrum as if the system were in one dimension. As shown in Fig. 8(a) , the spectrum in the paramagnetic state is almost the same as the non-interacting one. The broad spectrum is consistent with the incoherent metallic state. 8 This non-Fermi liquid behavior originates from interaction of localized spins with overscreening degenerate channels. In particular the Kondo singlet state cannot be formed.
On the other hand, Fig. 8(b) shows the result in the symmetry-broken phase, where the degenerate condition of channels is no longer satisfied. The spectrum near the Fermi level is clearly characterized by hybridized behavior of the Green function, which has the form 
where the renormalization factor is given by a α = (1−b α ) −1 . For α = 1, we numerically evaluate a 1 ≃ 0.51 and V 1 ≃ 0.00 from analysis of the self energy at T = 0.005. This means that the conduction electrons with α = 1 shows the Fermiliquid behavior without hybridization. For α = 2, on the other hand, the values are obtained as a 2 ≃ 0.43, V 2 ≃ 0.33. This indicates the behavior of the Kondo insulator with effective hybridization V 2 . Thus, the spectrum displays the admixture of the Fermi liquid and Kondo insulator. We can understand this behavior also from the illustration in Fig. 5(d) . In the case away from half filling, the Kondo insulator for α = 2 is doped into the metallic heavy Fermi liquid at sufficiently low temperatures.
The effective model that reproduces the spectrum is derived from the behaviors of the Green function (28) . The lowenergy behavior of Fig. 8(b) is described by the following one-body hybridization model:
Here we regard the localized spins as "electrons" and introduce the fermion operator f iσ . From this effective model, it is interpreted that the localized spins acquire the itinerancy in the ordered state because of the strong renormalization by the Kondo effect. Note that this itinerant character is absent in the paramagnetic state; we do not see any hybridization of localized electrons as shown in Fig. 8(a) . This is in contrast to the ordinary KL.
Contrast between F-Channel and AF-Spin Orders
Peculiar characters of the F-channel order becomes clearer by comparing with the AF-spin order at half filling. Roughly speaking, the F-channel and AF-spin orders resolve the entropy ln √ 2 and ln 2, respectively. 
Phase diagram
Let us first discuss the temperature-interaction phase diagram which includes the information for the origin of ordering. Figure 9 (a) shows the T vs J phase diagram for the AFspin order at half filling. In the weak-coupling regime, the transition temperature T AF spin scales with J 2 as expected from the RKKY interaction. For large couplings, on the other hand, T AF spin is proportional to 1/J, which means the strong-coupling approach account for the order. Namely, as discussed in §3, the total spin 1/2 states in J → ∞ at each site are split by the effective inter-site interaction. Thus the AF-spin order can be understood in the above two ways, that is, from either weak or strong coupling limit.
Next we consider the F-channel phase shown in Fig. 9(b) . In the weak coupling region, the transition temperature scales with the Kondo temperature T K ∝ exp[−1/ρ 0 (0)J]. Hence the weak-coupling approach fails, since T K cannot be expanded by J. For the large coupling region, on the other hand, it is likely that the transition temperature rapidly goes to zero as J → ∞, although we cannot go to temperature region lower than T 0.01. This numerical difficulty arises because the higher perturbation becomes relevant due to large J. In any case, it is clear that the intermediately strong interaction is essential for the F-channel ordering.
The inability to approach the F-channel ordering either from weak-or strong-coupling limit is best seen in the singleparticle spectrum. Namely, in the Fermi liquid channel α = 1, the effective Kondo coupling tends to zero, while in the Kondo insulator channel α = 2 the coupling tends to infinity. Thus the F-channel phase is the mixture of weak-and strong-coupling limits depending on channels, and cannot be approached from either limit in a perturbation method. This feature is a reminiscent of the non-trivial fixed point J * in the impurity two-channel Kondo model shown in Fig. 1 .
Internal energy, specific heat and entropy
We compare temperature dependence of the internal energy between the two orders at half filling. Figure 10 shows the internal energy given by H = H kin + H int where H kin and H int are kinetic energy and interaction parts of the Hamiltonian. Note that the internal energy coincides with the expecta- tion value of the Hamiltonian because of the condition µ = 0 at half filling.
For the AF-spin order shown in Fig. 10(a) , both the kinetic and interaction energies are lowered by the phase transition. On the other hand, for the F-channel case in Fig. 10(b) , H int decreases below the transition temperature, while H kin increases. Namely the F-channel symmetry breaking is disadvantageous for conduction electrons. Hence, we confirm that the essence of the F-channel ordering is in the interaction term. Namely, the quantity (ii) in eq. (14) is not appropriate as the primary order parameter.
Next we discuss the specific heat C(T ). Figure 11 (a) shows the result for the AF-spin order. The specific heat jumps at the second-order transition temperature T AF spin . Below the transition temperature, C(T ) goes to zero exponentially, since the energy gap is formed at the Fermi level. For F-channel order, on the other hand, we have finite values of C(T )/T at low temperatures as shown in Fig. 11(b) . The contribution comes from the Fermi-liquid channel α = 1 of conduction electrons. The specific heat at low temperatures is estimated from the renormalization factor as
Here a 1 is defined in eqs. (28) and (29) . In the present case, we obtain γ ≃ 8.2. As indicated in Fig. 11(b) , the quasi-particle estimate is in excellent agreement with the direct numerical evaluation. Let us consider the entropy ∆S from the ground state up to the phase transition. By integrating the specific heat, we derive the entropy as plotted in Fig. 11 . In the high-temperature limit, the entropy tends to S(T → ∞) = ln 32 since the twochannel KL per site has 2×4 2 = 32 states with equal weights. For the AF-spin order, we estimate as ∆S ≃ 1.35 ln 2 as shown in Fig. 11(a) . This value is interpreted as coming from the entropy ln 2 of a localized spin plus contribution from conduction electrons.
On the other hand, the F-channel order has ∆S ≃ 0.79 ln 2 as shown in Fig. 11(b) . The value less than ln 2 means that a local spin keeps correlation among themselves and with conduction electrons even in the disordered phase. Using this result, we now derive the residual entropy in the hypothetical ground state. The entropy change in the paramagnetic state from T = 0 to T = T F chan is estimated as 0.24 ln 2 below T F chan , which is illustrated in the inset of Fig. 3(b) . Here we have assumed that C/T is nearly constant down to the ground state. By comparing the entropy just below T F chan between the hypothetical paramagnetic state and the F-channel state, we deduce the residual entropy (0.79 − 0.24) ln 2 = 0.55 ln 2 as given in eq. (9).
Discussion
Relation to two-channel Kondo impurity
As we have seen in §2, the paramagnetic state of the two-channel KL with n c = 2 shows remarkable similarity to the two-channel Kondo impurity system. This can partly be understood by the nature of the DMFT. In each step of the DMFT iteration, we encounter an effective impurity model with self-consistently determined local density of states. Therefore the convergent paramagnetic solution shares the same local property with an impurity system with the corresponding density of states. Note that the specific heat is determined by the local Green function as seen from eq. (A·1). Hence it is natural that we obtain the logarithmic temperature dependence of the local susceptibility and specific heat for n c = 2. What is surprising, however, is that the two-channel KL at n c = 2 seems to go to the Toulouse limit 7 for each site that contains free Majorana particles. The linear specific heat without logarithmic correction is the clearest evidence, and the residual entropy of ln √ 2 per site strengthens the interpretation using free Majorana particles.
We further discuss the relation between the F-channel order and Majorana particles. According to ref. 7, the relevant degrees of freedom for Majorana particles is given by the spin-channel moment defined by eq. (17) . Thus the composite order parameterΨ i = S i ·t i is closely related to Majorana degrees of freedom. In analogy with the impurity system, the residual entropy in the paramagnetic ground state is described by free Majorana fermions centered at each site. Then it is tempting to regard the F-channel order as a resolution of S 0 = ln √ 2 that remains in the two-channel Kondo model. Namely, the instability arising from the local Majorana fermions drives the system to ordering so as to release their remaining entropy toward T = 0.
We have not yet understood why the p-h symmetry brings the system toward the Toulouse limit of the two-channel Kondo impurity. The origin of nearly constant behavior of the homogeneous susceptibility χ(T ) at low-temperature T may also be related to the p-h symmetry. It will be an interesting future problem to develop a perturbation theory for the twochannel KL from the limit of independent Majorana particles.
Channel symmetry breaking described by non-Kramers doublet
We discuss the relevance of our results to the non-Kramers doublet systems where the pseudo-spin describes a nonKramers doublet, and the channel index α corresponds to the real spin. Thus the channel-symmetry breaking in the twochannel KL implies the breakdown of the time-reversal symmetry.
Without the p-h symmetry, the F-channel order gives rise to a finite magnetic moment corresponding to m chan in Fig. 4(d) . However, it is too tiny to account for the large thermodynamic anomaly in the specific heat. The proper order parameter has been identified as the composite quantityΨ i , which has the SU (2) T symmetry but we have considered in this paper the z-component.
The quantityΨ z i itself does not give rise to a magnetic moment, although time-reversal symmetry is broken. Hence, Ψ z i is regarded as a magnetic multipole. This multipole moment has a radius roughly given by v F /T K , which is gigantic as compared to ordinary multipoles with localized character. Namely, the order parameter is an itinerant magnetic multipole centered at each site, and the Kondo effect is responsible for the formation. We emphasize that the composite order requires both itinerant and localized degrees of freedom, and is very difficult to treat if one starts from either limit.
One may ask whether the composite order is related to the hidden order parameter in URu 2 Si 2 .
20, 21 The related system U x Th 1−x Ru 2 Si 2 shows the two-channel Kondo behavior, 2 and URu 2 Si 2 may inherit the property. Then the two-channel KL can be a starting point to access URu 2 Si 2 . It is likely in URu 2 Si 2 that the hidden order is not homogeneous, but has a finite ordering vector. In order to deal with this situation, we need to modify the hopping so as to include the mixing of two channels. The higher-rank magnetic multipole in the present paper should be hard to be detected by any diffraction experiment although the system shows the large thermodynamic and transport anomalies. Hence the composite order parameterΨ i is a candidate of the hidden order parameter. Under the fourfold crystal symmetry, the transverse componentsΨ 
Formation of narrow bands by ordering
As seen in Fig. 8 , the narrow bands are newly formed by the phase transition into the F-channel ordered state, which is not seen in the paramagnetic phase. Such behavior is observed also in the other ordered states such as AF-spin and AF-channel phases in the two-channel KL.
Let us compare this characteristic temperature dependence of the spectrum with that in the ordinary KL. 24 In the ferromagnetic KL, where the Kondo effect does not operate, the clear narrow band is never observed. The antiferromagnetic KL, in which the Kondo effect is working, heavy bands are formed in the ordered state. However, the clear hybridized feature of electronic spectra has already been observed in the disordered state. This is the principal difference between single-and two-channel KLs. This difference originates from the difficulty of forming a Kondo singlet in the two channel model. Only by ordering, the localized spin can find a proper partner among the two.
The formation of narrow bands by ordering is recently observed in URu 2 Si 2 by the single-particle spectroscopy. In the angle-resolved photoemission spectroscopy (ARPES), 25, 26 the flat band appears below the transition temperature. On the contrary, it is not the case for the antiferromagnetic transition in a Rh-substituted sample of URu 2 Si 2 . Hence the appearance of the electronic band is a characteristic of the hidden order. A similar behavior is also observed in the scanning tunneling spectroscopy (STS). [27] [28] [29] We postulate that this formation of narrow bands by ordering can be explained by the mechanism presented in this paper.
Summary
With use of the DMFT+CTQMC approach, we have investigated the two-channel KL as the simplest model that describes periodic non-Kramers doublets coupled with conduction electrons. In the paramagnetic state, the homogeneous susceptibility χ and specific heat C at half filling show the apparent Fermi liquid behavior. Away from half filling, without the p-h symmetry, both χ and C show logarithmic temperature dependence. We have derived the entropy at half filling, and found that nearly ln √ 2 per site remains in the paramagnetic ground state.
The channel symmetry breaking at half filling is peculiar in that the ordered state is characterized by the product of p-h symmetry P and the time-reversal symmetry T . The channel-asymmetric composite quantity between localized and conduction spins changes sign under this product, while the channel moment remains intact. Thus the broken symmetry is identified as the product PT . The electronic spectrum shows the drastic change at the transition temperature, where the narrow bands are formed only in the ordered phase. By comparing thermodynamic quantities in the F-channel and the AF-spin phases, we have proposed that the F-channel and AF-spin orders are characterized as resolution of entropy ln √ 2 and ln 2, respectively. In analogy with the two-channel Kondo impurity, the remaining entropy S 0 = ln √ 2 in the paramagnetic state is described by the localized Majorana fermions. The composite order is regarded as the change of these Majorana fermions into ordinary fermions by phase transition, since the ordered state is naturally described by the Fermi liquid theory. In this paper, we have considered the Hamiltonian (1) with the simple isotropic Kondo exchange coupling. However, the form of interaction becomes more complex in general cases. For example, the Γ 5 doublet in the tetragonal symmetry as in URu 2 Si 2 has a dipole moment in addition to quadrupole moment. Another probable situation URu 2 Si 2 is that the two singlet levels are almost degenerate and form a pseudo doublet. It is an interesting future work to study how the behaviors obtained in the two-channel KL are modified by these complications.
